A large family of divergent candidate gustatory receptors has been identified in Drosophila. As with the odorant receptors, one receptor is expressed per sensory neuron, each class of which projects to discrete regions of the brain, allowing a combinatorial coding system for specific recognition of ligands.
The taste-versus-smell softball game has become a regular feature at the annual Association for Chemoreception Sciences (AChemS) meeting, usually held in Sarasota, Florida in late April. For the past decade the game has usually been won handsomely by the taste team, perhaps in part because they spent most of the 1990s frustratingly deprived of receptors, in contrast to the huge family of about 1000 olfactory receptors first identified in the rat genome a decade ago by Linda Buck and Richard Axel [1] . That situation recently changed for vertebrate workers with the description of the T2R family of receptors expressed in taste bud sensory neurons [2, 3] and shown to mediate bitter taste [4] . Now the equivalent breakthrough has been achieved for insects.
Last spring, Peter Clyne and Coral Warr in John Carlson's laboratory at Yale University reported their identification of a family of 19 highly divergent candidate taste or gustatory receptors in the fledgling Drosophila melanogaster genome project [5] . These complement the family of odorant receptors, expressed in the antennae and maxillary palps [6] [7] [8] [9] [10] , which is now known to comprise 61 proteins. Clyne et al. [5] showed, using the reverse transcriptase version of the polymerase chain reaction (RT-PCR), that all 19 gustatory receptors are expressed in some of the diverse gustatory organs of the adult fly, primarily the proboscis (also called the labellum or labial palps), but also the legs, anterior wing margins, and three discrete patches of sensilla in the gustatory tract within the head. With completion of the Drosophila genome sequence, the family grew rapidly and they identified another 23 members, some of which they speculated might be more specifically involved in the other adult gustatory organs and in the larval chemosensory organs.
At this year's AChemS meeting, we heard the latest on this breakthrough from Kristin Scott and co-workers in Axel's laboratory at Columbia University, and Hubert Amrein and co-workers at Duke University, accounts of which have recently been published in Cell [11] and Current Biology [12] , respectively. Both groups expand the family further to include at least 54/56 proteins, and I have added a few more to bring it to 70 proteins encoded by 62 genes (three genes, by alternative splicing of their RNA transcipts, encode two, four and five quite disparate receptors that share only their carboxyl termini). Both groups note similarities of some odorant receptors to these gustatory receptors, indeed the gustatory receptors are an extraordinarily divergent family, of which the odorant receptors are in fact just a single branch among many.
Note that the definitions of protein families being used here are at odds with those commonly employed by vertebrate workers, including those in chemoreception, where an arbitrary, but sometimes stretched, cutoff of 40-45% amino acid identity is often used for family definitions. Such an approach to classification would break this Drosophila superfamily into 117 mostly single-gene families. This great divergence hints at great antiquity, indeed I have found five genes forming three lineages within the gustatory family in the nematode Caenorhabditis elegans genome, indicating that the superfamily predates the nematode-arthropod divergence and may be widespread in all protostome animals.
The most interesting aspects of these two new studies [11, 12] are what they reveal about the detailed expression patterns of subsets of these gustatory receptors and the axonal targets in the brain of the sensory neurons that express them. Because expression patterns are difficult to discern for most of these genes by in situ hybridization, both teams resorted to using reporter transgenes under the regulation of putative promoter regions for subsets of the genes. Both found that particular genes are expressed in restricted subsets of gustatory sensory neurons, within subsets of the various adult and larval gustatory organs.
While it is still early days, both groups tentatively conclude that, like the odorant receptors, these gustatory receptors are expressed one gene per sensory neuron. Such an arrangement would allow for great specificity of recognition of particular odorants, using a combinatorial system analogous to that shown for vertebrate olfaction (reviewed in [13, 14] ), but only if the set of neurons expressing a particular receptor project their axons to a particular site in the brain, much as the olfactory neurons expressing particular odorant receptors project to specific glomeruli [8, 10] . Satisfyingly, the neurons indeed show axonal targetting to stereotypically different regions of the suboesophageal ganglion in larvae and adults, although these brain targets are rather diffuse, possibly overlapping, and not nearly as discrete as the glomeruli of the antennal lobe (see Figure 1) .
A surprising observation is that a subset (four so far) of the gustatory receptor genes examined are expressed in a subset of olfactory receptor neurons in the antennae, the primary olfactory organ in Drosophila. These neurons were not previously identified as expressing any of the odorant receptors [10] . The neurons expressing one of these genes project axons to a pair of glomeruli in the antennal lobe, rather than to the suboesophageal ganglion [11] . Thus, they apparently behave as additional odorant receptors. So the molecular basis for olfaction might have originated from several lineages of the superfamily within insects along with terrestriality about 400 million years ago, when they emerged from aquatic environments that required only gustatory receptors. The known odorant receptor family might represent just the most expanded group of odorant receptors, and we might anticipate that other lineages within the superfamily might independently have become specialized as odorant receptors in other terrestrial arthropods.
All of this begs comparison with our emerging understanding of vertebrate and nematode chemoreception, the only other animal systems extensively studied at the molecular biology level. Nematodes appear to have a relatively simple coding system, with only a few chemosensory neurons and numerous receptors expressed per neuron [15] . Such a system can efficiently mediate simple responses, such as attraction to or repulsion from diverse chemicals, but in addition asymmetrical expression of particular receptors in one or the other of pairs of chemosensory neurons provides nematodes with the ability to discriminate odorants [16, 17] . Initial studies of the vertebrate bitter taste T2R receptor family suggested a similar coding system, with their expression patterns consistent with single neurons expressing most, if not all, members of the family [2, 3] ; however, calcium imaging of taste bud neurons suggests a more complicated picture, in which only a subset of bitter taste neurons respond to any particular chemical [18] . In the mammalian vomeronasal organ, specialised to detect pheromones, multiple receptors are also expressed in single neurons [19] .
The coding system employed in the main mammalian olfactory system may be the pinnacle of discriminatory ability, combining monoallelic expression of single receptors per sensory neuron with axon projection to discrete pairs of glomeruli per olfactory bulb (reviewed in [13, 14] ). The insect gustatory system, with neurons expressing particular gustatory receptors projecting to discrete regions of the suboesophageal ganglion, might represent a less sophisticated version of this coding system, while the insect olfactory system, with neurons expressing particular odorant receptors projecting to discrete glomeruli in the antennal lobe, may represent an independent origin of this sophisticated coding system in arthropods.
These initial studies of the molecular basis of insect chemoreception open the way to many others. Presumably homologous receptors mediate much of chemoreception throughout insects, other arthropods, and perhaps all protostomes, and otherwise well-characterized systems such as pheromone detection in male moths await illumination. Several approaches similar to those employed to identify ligands for some of the mammalian olfactory receptors are being undertaken to identify the ligands of particular odorant receptors and will show whether there are similar combinatorial receptor codes for particular odors [20] . How monoallelic expression of the mammalian olfactory receptors is achieved remains unknown, and we might anticipate that mechanisms regulating expression of these insect chemoreceptors will have evolved independently. The mechanisms of axon guidance leading to stereotypical Gustatory sensory neurons expressing gustatory receptor Gr66a in the fly proboscis extend axons, identified by blue LacZ staining, to a defined region of the subesophageal ganglion (outlined with white dashes) in the head.
convergence of axons on particular glomeruli are proving to be complicated in mammals, involving in part the receptors themselves (reviewed in [13, 14] ). Do arthropods use similar axon guidance mechanisms to achieve a similar coding system? The combination of highly stereotypical expression patterns of these receptors in the periphery, the relative simplicity of larval if not adult chemoreception, and the power of Drosophila molecular genetics should allow exploration of these and other questions about insect chemoreception.
Finally, in vertebrates several different families of seven transmembrane receptors have been recruited for chemoreception (reviewed in [13, 14] ), including the T1R3 receptor recently shown to be the product of the sac locus involved in detection of sweetness [21] [22] [23] . The Tre1 gene of Drosophila, involved in responses to trehalose, was similarly identified as encoding a member of the adrenergic/serotonin/rhodopsin receptor family [24] , so several other members of this family might be involved in chemoreception in insects. Completely different protein families might also have been recruited to chemoreception, such as the membrane guanylyl cyclases implicated in all three animal phyla [25] , further increasing the diversity of mechanisms of chemoreception and their coding systems.
